Abstract: Evidence suggests that climate change dynamics have been occurring in the northern latitudes for the past two and a half decades. The CENTURY ecosystem model was used for a set of simulations related to the carbon dynamics of interior Alaska taiga forest types. The functional dynamics of three age-classes (young, middle, and mature) of three ecosystem types (white spruce (Picea glauca (Moench) Voss), black spruce (Picea mariana (Mill.) BSP), and hardwoods) were compared using an average climate that was present prior to 1980 and the climate record from 1980 to 2000. Estimates for total ecosystem production indicate a decrease in tree carbon capture for hardwood stands for all three age-classes summed across a 20-year climate change period. White spruce displayed increases in carbon capture for the three age-classes. Young and mid-aged black spruce stands showed a decrease in ecosystem productivity. The old-growth black spruce stand showed a small increase in carbon capture. Dynamics displayed for the entire ecosystem (soil organic matter, tree dynamics, dead wood, and forest litter) followed the same trends as vegetation productivity. For the same 20-year climate period and across all three age-classes, carbon capture decreased for hardwood ecosystems and increased for white spruce ecosystems. The young black spruce system showed a change from a positive carbon balance to a negative carbon balance. Based on the landscape area covered by each vegetation type, we suggest that the net effect of climate warming over the past 20 years has been a substantial decrease in carbon capture in the forests of interior Alaska. intermédiaire ont connu une diminution de la productivité de l'écosystème. Une légère augmentation de la fixation du carbone a été notée dans le peuplement mature d'épinette noire. La dynamique observée pour l'ensemble de l'écosystème (matière organique du sol, dynamique des arbres, bois mort et litière forestière) a suivi les mêmes tendances que la productivité de la végétation. Pour la même période de 20 ans et pour toutes les classes d'âge, la fixation du carbone des écosystèmes feuillus a diminué alors que celle des écosystèmes d'épinette blanche a augmenté. L'écosystème composé de jeunes épinettes noires est passé d'un équilibre en carbone positif vers un équilibre négatif. En tenant compte de la superficie couverte par chaque type de végétation, les résultats indiquent qu'au total le réchauffement climatique a entraîné une réduction substantielle de la fixation du carbone dans les forêts du centre de l'Alaska au cours des 20 dernières années.
Introduction
Evidence suggests that the climate in interior Alaska started showing the effects of increased CO 2 concentrations beginning in the mid-1970s (Barber et al. 2000) and that this climate change has resulted in decreased growth of white spruce (Picea glauca (Moench) Voss). The net effect has been a longer growing season and increased yearly average temperature, with no change in the yearly precipitation (Barber et al. 2004) . Increased air temperatures without increased precipitation would likely result in decreased tree growth and decomposition dynamics in the forest floor (Billings et al. 1998) . Because the vegetation would be absorbing less carbon from the atmosphere and the decomposition dynamics of the forest floor and mineral soil organic matter would also be reduced, any change in atmospheric carbon content may be minimal.
A modeling study preformed in southern Finland found that under changed climate conditions the boreal forest would not act as a major carbon sink. Although it was predicted that the carbon content of the forest would increase, the soil organic matter would actually decrease at a greater rate, resulting in a release of carbon to the atmosphere (Mäkipää et al. 1999) . Similar results were found in a detailed study of the carbon dynamics of a mixed Scots pine (Pinus sylvestris L.) and Norway spruce (Picea abies (L.) stand in central Sweden, where increased forest floor decomposition resulted in a net loss of carbon from the ecosystem over a 2-year period (Lindroth et al. 1998) . Within North America the carbon content of mature black spruce (Picea mariana (Mill.) BSP) ecosystems is projected to decrease as a result of climatic warming (Clein et al. 2002) , again because of a small gain in vegetation carbon and a greater loss of soil carbon.
The opposite was found for a mature aspen (Populus tremuloides Michx.) stand in Saskatchewan, Canada (Chen et al. 1999) . A 2-year study showed that the mature aspen stands captured carbon. However, spring weather differed between the study years, and in the year with a warmer spring and longer growing season the carbon capture was much higher. When a net increase in carbon capture due to climate change and increasing atmospheric CO 2 concentrations was simulated (White et al. 2000) , tree growth increased and there was relatively little change in the forest floor and mineral soil organic matter. This resulted in the prediction that high-latitude ecosystems would be a carbon sink over the next century.
One additional factor that should be considered when estimating the carbon balance of a taiga ecosystem is the age of the stand or the time since the last disturbance. Wildfire can significantly affect the carbon dynamics of individual sites (O'Neill et al. 2002) . After wildfire a significant decrease in CO 2 flux was found in white spruce and aspen ecosystems largely due to the loss of an autotrophic carbon source, primarily live-root dynamics. In black spruce stands, very little change in the CO 2 flux was found. In this case it was assumed that the autotrophic flux was significantly reduced, but because of soil warming a greater volume of soil was producing a larger heterotrophic source that compensated for the loss of root activity. The black spruce ecosystem showed a greater loss of soil carbon after wildfire than did the white spruce or aspen ecosystem (O'Neill et al. 2002) . O'Neill et al. (2003) also showed that black spruce stands require more than two decades to return to prefire soil dynamics. In this case it was suggested that the black spruce systems started sequestering carbon by approximately year 10 after disturbance. Climate change was not a factor in this study.
The present study compares ecosystem carbon dynamics related to measured climate during the last two decades of the 20th century to that of the average climate prior to those last two decades for three major ecosystem types in Alaska: white spruce, black spruce, and hardwoods. The dynamics in the 20-year period were estimated for three distinct ageclasses of the forest ecosystems: young, middle, and mature. The last two decades of the 20th century are considered to be representative of the beginning of climate change dynamics in the Alaska taiga forest.
Materials and methods
The CENTURY model (Parton et al. 1987 (Parton et al. , 1988 (Parton et al. , 1994 Yarie et al. 1994; Yarie and Billings 2002 ) was used to develop an estimate of the changes in carbon dynamics for three major ecosystem types found in interior Alaska. Detailed documentation of the CENTURY model can be found at http://www.nrel.colostate.edu/projects/century. Two of the plant production submodels were used for the vegetation types included in this study. The forest submodel was used when simulating both the white spruce and hardwood dynamics. The savanna submodel was used when simulating the black spruce carbon dynamics. All biomass calculations are performed on a stand level per unit area basis.
The calibration data set was developed from data sets collected on interior Alaska forest types over the past 30 years. Much of these data sets are on file with the Bonanza Creek (BNZ) Long-Term Ecological Research (LTER) program. These data sets are available at the BNZ-LTER Web site (http://www.lter.uaf.edu/data.cfm). The soils descriptions for the site types modeled have been presented by , and the detailed chemical analysis of individual soil pits is available at the BNZ-LTER Web site.
Straightforward modifications that have been made to the CENTURY v4.5 model are (1) a simple change in the soil temperature relationship from an exponential to an arctangent curve type; (2) nonsymbiotic atmospheric deposition is computed using annual evapotranspiration in place of precipitation; (3) a pH effect has been added to the standard decomposition equations; and (4) runoff is calculated and subtracted from total water input before water is applied to the soil surface for infiltration. This represents a change in the logic to handle actual runoff that may be occurring at an individual site.
The carbon allocation routine initially moves carbon to leaves and fine roots. This is limited to seasonal dynamics for hardwood species and to specified leaf growth periods for conifers. Based on specified ratios, carbon that is not allocated to leaves or fine roots is moved to stems, branches, and large roots. For the time step used in the model, a maximum growth rate is now specified and is adjusted for yearly changes in photoperiod. Based on the previously used growthlimiting functions, this maximum growth rate is adjusted to lower values.
Plant maintenance respiration is now calculated as a defined portion of the net primary production. The gross production pool supplies maintenance respiration for above-and below-ground plant components. Plant respiration is a function of the biomass of the plant compartment, soil or air temperature, and a user-defined maximum value.
Changes to the carbon allocation dynamics in the grasslandcrop submodel comprise calculating root-to-shoot carbon allocation as a function of soil water and nutrients related to the plant type (i.e., annual or perennial). In the forest submodel, carbon is allocated first to leaves and fine roots based on the soil moisture and nutrient dynamics. After leaves and fine roots have sufficient carbon, the remainder is allocated to the fine branches, coarse roots, and large wood. Plant maintenance respiration is a function of the mass of the plant compartment, soil or air temperature, and a user-defined maximum respiration parameter.
Forest submodel
The forest submodel calculates the growth and death dynamics of the leaves, fine roots, fine branches, large wood, and coarse roots of the forest ecosystem. The gross production of the forest stand is based on a maximum monthly production value that is a function of potential daily solar radiation without cloud cover. This value is adjusted using soil moisture, soil temperature, and live leaf area index coefficients. Net production is then calculated by subtracting a respiration estimate. Respiration is estimated as a function of wood nitrogen content and temperature. A maximum term is included for leaf biomass so that it does not exceed a calculated fraction of live wood biomass. Leaf growth and death functions can be applied differently to hardwood and conifer species groups to follow the seasonal growth and senescence dynamics of leaves that are present in the forest.
Savanna submodel
Moss represents a significant component of the production dynamics of black spruce ecosystems in interior Alaska (Oechel and Van Cleve 1986) . In some cases the aboveground production of the moss component is higher than that reported for the black spruce component. The moss component is significantly lower in the hardwood and white spruce stands (Oechel and Van Cleve 1986) . The savanna submodel represents a combined grassland and forest version of the model. For the taiga black spruce stands, the model's grassland portion was calibrated to represent the forest-floor moss layer. In this submodel the tree production is calculated as indicated previously for the forest submodel. The moss component is calculated to include the potential effect of the tree canopy. A shading term is estimated using tree canopy cover and leaf biomass.
Simple changes to the crop.100 file were used to parameterize the moss layer. The initial and final fraction of carbon allocated to roots was set to 0.0001. The fraction of aboveground nitrogen that went to grain was set to zero. The SITPOT value, which controls the ability of mosses to take up nitrogen in competition with trees, was changed to a dynamic variable computed as a function of average annual precipitation. This value was set up so that the moss layer would take up nitrogen at a rate that would equal the potential input from throughfall.
Changing carbon dynamics
The CENTURY v4.5 model was calibrated for three vegetation types typical of interior Alaska: hardwood stands (a mixture of birch and aspen), white spruce stands, and black spruce stands dominated by a moss understory. A 2500-year "spin-up" was used to develop soil organic matter pools that were relatively constant during ecosystem recovery between disturbance events. The soil organic matter and nutrient values used at the start of the 2500-year run represented a fully developed soil environment. Final values were compared to the initial values. The 2500-year time frame was used to allow for 10 fire return intervals at 250 years between fires in the model "spin-up". All stands then regenerated to the same vegetation that was present prior to the fire. The initial 2500-year run used mean monthly precipitation and air temperature values with estimates of their standard deviations and skewness to calculate a random value within the range of measured values. This procedure yields varying weather data that are not exactly the same through each time sequence between disturbance events. The climate variables were calculated from data available from the National Weather Service at Fairbanks, Alaska, for a recorded time period between 1950 and 2000. The three vegetation age-classes used for analysis represented early, middle, and mature forest stands. The early age-class for all forest types was from stand age 10-30. The middle and mature age-classes for the hardwood type were 65-85 and 125-145 years, respectively. The middle and mature age-classes for both spruce types were 100-120 and 180-200 years, respectively.
To estimate the effect of measured climate change over the last 20 years , two different climate scenar- 
Results
The CENTURY model simulated age sequences of various ecosystem properties for all three forest types after a natural disturbance. These variables included aboveground biomass (Fig. 1) , forest productivity, foliar carbon/nitrogen (C/N) ratio, carbon components of the forest floor and mineral soil, nitrogen mineralization (Fig. 2) , and decomposition dynamics. The foliar C/N ratios that were simulated are similar to those reported for mature hardwood and white spruce stands by Yarie and Van Cleve (1996) and for mature black spruce by Van Cleve et al. (1983) . The nitrogen mineralization values reported in the model are in an expected range, but are difficult to compare with the buried bag measurements that have been used in the white spruce sites in interior Alaska (Van Cleve et al. 1993 ). These simulation runs were then used as the data set that represented a potential stable climate prior to the changing climate dynamics.
Climate change is expected to have a substantial effect on ecosystem net primary productivity (NPP). Substantial differences in NPP were found between the different vegetation types studied. Hardwoods displayed slower growth rates as a result of the climate change scenario in all three age-classes modeled. This resulted in a substantial reduction in vegetation carbon capture (-1457, -1397, and -1336 g C/m 2 ) that occurred during the 20-year climate change scenario (Fig. 3) . White spruce ecosystems displayed an opposite trend. Total carbon capture increased in the 20-year test period by 664, 737, and 630 g C/m 2 for the young, middle, and mature ageclasses, respectively. However these gains were only about 45%-55% of the reduction reported for the hardwood stands. Finally, black spruce systems showed a combination of responses (Fig. 3) . In the youngest and middle age-classes there was a reduction in NPP (-174 and -442 g C/m 2 , respectively). But in the mature age-class there was an increase of 148 g C/ m 2 as a result of climate change (Fig. 3 ) over the 20-year time period.
The changes in climate had very little effect on the foliar C/N ratio and the foliar percent nitrogen predicted by CEN-TURY (Fig. 4) . This suggests very little change in decomposition rates, due to substrate quality, which would be controlling nitrogen mineralization rates. However, the climate change scenario resulted in a large negative effect on the nitrogen mineralization dynamics of the hardwood stands and a positive effect in the white spruce and black spruce stands (Fig. 5) . The same trends for each vegetation type were observed across all three age-classes, but the magni- Fig. 6 . Soil carbon biomass changes in hardwood and white spruce ecosystems resulting from the changing climate scenarios in the last two decades of the displayed information. In (B) and (C), the upper x-axis refers to the hardwood age sequence and the lower xaxis refers to the white spruce age sequence. tude of the difference decreased. The net result was a change in foliar biomass production, in line with changes in nitrogen availability, which then maintained a consistent foliar nitrogen concentration.
Forest floor and soil organic matter decomposition is controlled by a merged variable (AGDEFAC) that represents a multiplicative function of soil moisture and temperature on organic matter decomposition rates. In hardwood ecosystems, a significant decrease in this variable was seen as a result of climate change. For the 20-year time frame in the control stands, this variable averaged 0.26, 0.25, and 0.25 for the young, middle, and mature age-classes, respectively. In the climate change situation for the same hardwood ageclasses, AGDEFAC averaged 0.17 for all three age-classes. This represents a significant decrease in decomposition dynamics in the hardwood stands. Within the black spruce system the control values averaged 0.25, 0.19, and 0.20 for the young, middle, and mature age-classes, compared with climate change scenario values of 0.28, 0.20, and 0.20, respectively. This represents an increase in decomposition dynamics for the young age-class and very little change for the middle and mature age-classes. Finally, in the white spruce ecosystems the control stands averaged 0.21 across all three ageclasses, while in the climate change scenarios the values were 0.24, 0.22, and 0.22 for the young, middle, and mature age-classes, respectively. This represents a small increase in the decomposition dynamics for the white spruce ecosystems.
Soil carbon dynamics tended to follow a different trend than the forest productivity relationships but were directly influenced by the decomposition dynamics. In the climate change scenario, hardwood ecosystems showed increased soil carbon. These lower decomposition rates also resulted in decreased nitrogen mineralization dynamics. The magnitude of change for the hardwood stands was about equal in the three age-classes studied (Fig. 6) . At the end of the 20-year period, all three age-classes of the white spruce ecosystem showed virtually no change in soil carbon quantity. The black spruce stands showed a small decrease in soil carbon (-70, -13, and -50 g C/m 2 ) at the end of the 20-year warming period. The total quantity of soil carbon was about an order of magnitude higher in the black spruce ecosystems than that found in the white spruce and hardwood ecosystems.
Ecosystem carbon dynamics (net ecosystem production, NEP) represent the net additive consequence of changes in ecosystem productivity (NPP) and decomposition (inflow and outflow). As expected, these dynamics are not consistent across the vegetation types studied. White spruce systems displayed increased carbon capture (Figs. 7A and 8) in all three age sequences as a result of climate change. Black spruce ecosystems were different because the young (5-30 years) and middle (95-120 years) age sequences displayed decreased carbon capture (Figs. 7B and 8 ). In the young age sequence there was a significant change from a site that gained carbon under the control climate to one that is losing carbon under the climate change scenario (Fig. 8) . In the mature site the carbon gain was greater under the climate change scenario than under the control climate scenario. Finally, hardwood sites displayed decreased carbon capture with the climate change scenarios (Figs. 7C and 8) . However, the young and middle age-class sites were still in a carbon capture mode even with a large reduction in the predicted carbon capture. The mature sites were showing a small loss of carbon in the climate change scenario.
Discussion
The carbon dynamics reported in this paper are slightly different than those reported in an earlier paper (Yarie and Billings 2002) . One difference in the simulations reported in this paper is the predicted growth reduction for hardwood and black spruce ecosystems (Fig. 3) . In climate change simulations previously reported (Yarie and Billings 2002) , increased growth was predicted for hardwood and black spruce forest types. The decreased growth presented in this paper may be due to differences between the climate scenarios used in the two studies. In the earlier study a 5°C increase in the mean annual temperature was assumed from the start of the climate change simulation, with no changes in monthly precipitation quantities and yearly distribution. All simulations were started at year zero, immediately after a disturbance, and run through the standard life cycle of the stand. The climate scenarios employed in the current modeling effort used a stochastically generated average climate prior to the start of measured climate change in interior Alaska for the start of the run. Then the actual climate that was recorded in Fairbanks, Alaska, was used for the 20-year climate change simulations. There were a number of differences between the two climate scenarios. The mean annual temperature, based on the monthly means used in the model, increased from -3.38 to -2.27°C (Fig. 9) for the climate change time period. This represented an increase in the mean annual temperature of 1.1°C. Although the monthly temperature changes were relatively small, especially during the growing season (Fig. 9) , the precipitation dynamics showed a number of substantial changes. Average annual precipitation decreased from 358 mm in the control scenario to 280 mm in the climate change scenario. The majority of that difference occurred from May through August (Fig. 9) . For the climate change scenario the difference in that 4-month time period was an average decrease of 62 mm.
The climate change scenario also affected organic matter decomposition dynamics. In the Yarie and Billings (2002) study, climate change increased organic matter decomposition in all ecosystems studied. In the current study decomposition of combined soil carbon components decreased in the hardwood ecosystems, but almost no change was predicted in the white spruce ecosystems in all three age-classes modeled (Fig. 6 ). All age-classes of black spruce ecosystems showed a decrease in modeled soil carbon.
Within the CENTURY model the soil organic matter is divided into different components based on their initial chemistry. The decomposition dynamics of these components are important considerations when modeling ecosystem carbon dynamics (Clein et al. 2000) . The two soil organic matter components present in CENTURY that decompose at the slowest rate are the slow pool (20-to 50-year turnover time) and the passive pool (400-to 2000-year turnover time). Evidence suggests that these pools may show the largest changes in decomposition dynamics due to climate change. Within the model these two pools displayed different decomposition dynamics in response to the modeled climate changes (Table 1). As expected the passive pool showed almost no change resulting from the climate change scenario. The slow pool did change the most and had the greatest effect on changes in the total soil organic matter pool (Table 1, Fig. 6 ). Hardwoods displayed an increase due to decreased decomposition dynamics. White spruce ecosystems showed very little change (Table 1) , and black spruce systems were highly variable between the three age-classes modeled.
Within the current study, the net effect on the total carbon dynamics during the past 20 years was decreased carbon capture in the hardwood and black spruce ecosystems and increased capture in the white spruce ecosystems. The most significant change was the switch from positive to negative dynamics for the young age-class black spruce and the mature age-class hardwoods (Fig. 8) . For the climate change scenario black spruce systems tended to vary less in yearly dynamics. Young-age black spruce systems were predicted to lose carbon until year 12 (Fig. 7B) . In the mature ageclass, carbon dynamics were very close to the zero level in both the climate change and the control scenarios, but the climate change scenario displayed more gain than the control systems (Fig. 8) .
Results reported in this study were slightly different from those reported by Keyser et al. (2000) for aspen and white spruce ecosystems. Using BIOME_BGC they found an increase in both NPP and decomposition dynamics leading to a very small change in NEP values for both of the modeled ecosystems. Within the current study, dynamics for both the hardwood and white spruce ecosystems displayed opposite trends. Although both displayed the highest level of carbon capture in the youngest age-class, the white spruce ecosys-
